The ability to identify odors is dependent on the spatial mapping of odorant receptors onto fixed positions within the olfactory bulb. In elderly adults, odor identification and discrimination is often impaired. The objective of this study was to determine if there are age-related changes in odorant receptor mapping. We studied 8 groups of mice ranging in age from 2 weeks to 2.5 years and mapped the projection of P2 odorant receptors onto targeted glomeruli within medial and lateral domains of the olfactory bulb. A total of 60 mice were used to measure the number of P2 glomeruli, bulb length, the position of each glomerulus, and the amount of P2 axons targeting each glomerulus. We found that over 70% of olfactory bulbs contained multiple P2 glomeruli, bulb length increased 42% between the ages of 2 and 13 weeks, and the position of P2 glomeruli shifted with bulb growth. In most cases, targeted glomeruli were either completely or partially filled with P2 axons. In some cases, targeting was diffuse, with glomeruli receiving only a few stray P2-labeled axons. The frequency of diffuse targeting was rare (<4%) in adult mice 3-6 months in age. However, significant increases in diffuse targeting were observed in older mice, reaching 10% at 1 year and 22% at 2 years of age. These findings suggest that odorant receptor mapping becomes more disrupted in old age and could account for impaired olfactory function in elderly adults.
Introduction
Many sensory systems project a topographical map of their receptors onto the brain. These maps help to encode information about the external stimulus environment. In the olfactory system, subsets of odorant receptors project to localized regions in the olfactory bulb terminating in discrete glomeruli (Ressler et al. 1994; Mombaerts et al. 1996) . This spatial mapping of odorant receptors onto the olfactory bulb provides an anatomical substrate for the coding of odor quality and odor discrimination (Sullivan et al. 1995) .
During early development, the targeting of P2 odorant receptors and their projections are relatively scattered and diffuse (Royal and Key 1999) . As mice mature, P2 axons converge onto discrete glomeruli located within restricted domains of the olfactory bulb. The convergence and localization of P2 odorant receptors onto targeted glomeruli have been described in a number of studies (Ressler et al. 1994; Sullivan et al. 1995; Mombaerts et al. 1996) . Age-related changes in the olfactory system have been primarily associated with neuronal death (Hinds and McNelly 1981; Conley et al. 2003) as well as environmental and other health-related issues (Elsner 2001a; Rawson 2006) . Changes in olfactory function are commonly reported in elderly adult patient populations (Doty et al. 1984; Elsner 2001b; Murphy et al. 2002) , although the underlying cause for this loss of function has not been identified. It is possible that diffuse axon targeting, and alterations in odorant mapping, occur during the aging processes, just as they do during early development and growth periods (Royal and Key 1999) . Do P2 axons continue to target the same glomerulus while the olfactory bulb is growing and increasing in size? Do P2 glomeruli shift or move within the bulb as it increases in length? In this study, we investigated the mapping of P2 axons onto targeted glomeruli in mice at different stages of growth, from 2 weeks to 2.5 years of age. We included age groups representing development and growth (2, 5, 13 , and 26 weeks) as well as those representing elderly adults (1, 1.5, 2, 2.5 years of age). We were particularly interested in the elderly adult group and if changes in the precision or location of odor maps could provide some insight into a possible underlying cause of olfactory dysfunction commonly reported in elderly adult populations (Stevens and Cain 1987; Cain and Stevens 1989) .
Several methods have been established for mapping P2 glomeruli within the olfactory bulb (Johnson and Leon 2000; Schaefer et al. 2001) . Most mapping studies have used relatively young animals. This is the first study to examine and compare P2 odorant mapping in a wide range of age groups.
Materials and methods

Animals
In this study, we used homozygous P2-IRES-tau lacZ mice that were bred and raised in our mouse facility. This strain of mice has been extensively used to map the projection of the P2 odorant receptor onto targeted glomeruli in the olfactory bulb. A total of 60 male and female mice were assigned to 8 different age groups ranging from 2 weeks to 2.5 years (2, 5, 13, 26, 52, 78, 104, and 130 weeks) . Table 1 lists the number of mice and average body weight for each group. We used 15 mice for the 5-week age group, 7 females and 8 males. This made it possible for us to compare our data with that reported by Schaefer and his colleagues (Schaefer et al. 2001 ) who established the methods we used for measuring the coordinate positions of P2 glomeruli. We included 8 male mice in our study so that we could test for sex-related differences in P2 mapping. Several of the mice assigned to the 2.0-and 2.5-year age groups died before reaching the designated age time points (survival rate was only 50% at the 1.5-year age point). This required reassignment of additional mice to these older age groups. Mouse breeding and experimental procedures were all performed under protocols approved by the Virginia Commonwealth University Institutional Animal Care and Use Committee.
Tissue processing
Mice were injected with sodium pentobarbital (80 mg/kg) and administered an intracardiac perfusion of saline followed by 4% paraformaldehyde. The head was removed by rapid decapitation, decalcified with 0.3 M ethylenediaminetetraacetic acid, cryoprotected with 30% sucrose. The olfactory bulbs were sectioned with the skull intact, and tissue blocks were oriented relative to the long axis of the head. Heads were blocked by cutting through the middle of the cerebral cortex perpendicular to the dorsal surface of the skull. Serial coronal sections, 15 or 30 lm in thickness, were cut on a cryostat beginning with the nasal cavity through the olfactory bulbs and into cortex. Tissue sections were mounted on glass slides and stained with X-Gal (blue stain) to label the P2 odorant receptor axons and their terminal endings in glomeruli. Neutral red was used as a counterstain to highlight the cellular morphology of the bulb.
Measurements
To map the coordinates of P2 glomeruli, we used a method developed and validated by Schaefer and colleagues (Schaefer et al. 2001) . Measurements were made from digitized images taken of the complete set of coronal sections beginning with the anterior (rostral) to the posterior (caudal) limits of each olfactory bulb. Images (2560 · 2048 pixels) were captured using Nikon ACT 1 software and a DXM-1200 digital camera. Image J software and the glomerular analysis plug-in module (version 2.2), written specifically for mapping individual glomeruli, were used to make distance and angle measurements from the digital images (Schaefer et al. 2001; Salcedo et al. 2005) . A calibration slide with a 1000 lm reticule was used to determine the pixel resolution (1000 lm = 566 pixels, ;2 lm/pixel). Images of the left olfactory bulbs were flipped horizontally so that when making angle measurements, the medial side of the bulb was always on the left side of the image (Figure 1 ).
Every bulb section containing a P2-labeled glomerulus was identified, imaged, and then used to measure and record the exact location of each P2 glomerulus. P2 glomeruli were classified as GF if P2-stained axons ''filled'' the glomerulus (>90% stained blue). Glomeruli ''partially'' filled (10-90%) were classified as GP, and those with ''trace'' amounts of P2 staining (<10%) were labeled GT. For the 5-week age group, cross-sectional area measurements were obtained for all GF glomeruli. For both the lateral and the medial region (domains) of each bulb, the glomerulus with the largest cross-sectional area was assigned the classification GFmax. Specific bulb sections were identified as reference points and subsequently used to make distance measurements. The anterior reference section, A, was defined as the first section in which the mitral cell and external plexiform layer was present. The posterior reference section, P, was defined as the first section in which the granular cusp of the anterior olfactory nucleus (AOB) was present. Glomerular sections, G, were identified for all sections containing a P2-positive glomerulus. AG distances were measured from the anterior bulb reference section (A) to each section containing P2 glomeruli (G) and were calculated by multiplying section thickness by the number of sections from A to G (see Figure 1A ). For example, a glomerulus located 40 sections from the anterior section A would have an AG distance of 600 lm (40 · 15 = 600 lm). In addition to the AG distances, for each P2 glomerulus, a corresponding measurement of bulb length (AP distance) was recorded. Within bulb sections, the position of each P2 glomerulus was defined by a vector drawn from a central reference point (one-third the distance along a line bisecting the bulb and passing from the dorsal to ventral surface of the glomerular layer) through the glomerulus ( Figure 1B ). Then the angle from the dorsal segment to the glomerulus vector was measured. Images of the left olfactory bulb were flipped horizontally so that the medial side of the bulb was always on the left side. Using this system, all angle measurement of <180 degrees located glomerluli on the lateral side of the bulb (lateral domain) and >180 degrees on the medial side (medial domain). We also measured the area (square micron) occupied by each glomerulus, allowing us to identify the largest P2 glomerulus (GFmax). This was useful in cases where multiple glomeruli were found within the same domain (on the same side of the bulb). Mice were excluded from data analysis if there were damaged or missing tissue sections, if it was not possible to clearly identify the A and P reference sections, or if the AP distances for the right and left bulbs differed by more than 10% (e.g., left bulb AP distance -right bulb AP distance/largest AP distance > ±0.10).
Statistical methods
Data were analyzed using SPSS statistical software and SigmaPlot. For comparing P2 mapping data, we performed analyses of variance and used the Tukey honestly significant difference post hoc test for all multiple comparisons. Significant differences were reported at the P < 0.05 level. Confidence intervals (95% confidence interval) were calculated to define regions or domains in which there is a 95% likelihood of finding a P2 glomerulus.
Results
Number, size, and coordinate positions of P2 glomeruli
We first determined the number, size, and position of all GF glomeruli present in the olfactory bulbs of mice in the 5-week age group. This group contained the largest number of mice (N = 15) and represented 30 olfactory bulbs and 60 domains (medial and lateral for each bulb). In all 30 olfactory bulbs examined, there was at least 1 GF glomerulus present in both the medial and the lateral domain (all 60 domains). GFs located on the lateral side of the olfactory bulb ( Figure 2A ) had an AG distance of 640 ± 165 lm (mean ± standard deviation). These glomeruli were located anterior to those on the medial side, 1287 ± 260 lm. In the majority of cases, multiple GFs ( Figure 2B ) were found within a single region or domain within the olfactory bulb. Table 2 gives the number and frequency for single, double, and triple occurrences of GF glomeruli within each of the 2 domains. In most cases, there were at least 2, and sometimes 3, GF glomeruli. The most common occurrence was 2 GFs on the lateral side and 2 on the medial side, for a total of 4 GFs in each olfactory bulb. To study the relationship between each of the GF glomeruli within a given domain, glomeruli were subdivided according to their anterior-posterior and dorsal-ventral location. The most anterior and dorsal glomerulus was labeled GF1, the next 1 encountered GF2, and subsequent glomeruli GF3, GF4, etc. The average values and 95% confidence limits for AG distance, area, and diameter measurements for all 106 GF glomeruli are shown in Table 3 . In most cases, GF1 and GF2 glomeruli were located in the same or adjacent coronal sections. GF3 glomeruli were on average located farther away (±75-150 lm), although this distance is relatively small when compared with the diameter of a typical GF glomerulus (100 lm). Although GF1 and GF2 glomeruli tended to be similar in size (area), GF3 glomeruli (third GF within a domain) were typically smaller in size (Table 3 ). Mapping the location of P2 glomeruli using cylindrical coordinates
We used a cylindrical coordinate system to map AG distances and angle measurements for each GF glomerulus and then made comparisons between the right and left olfactory bulbs as well as the lateral and medial domains within each bulb (Table 4) . Analysis of our GF1, GF2, and GF3 data demonstrated that there were size differences in GF glomeruli. Previous mapping studies reported coordinate positions for only the large volume glomeruli (Schaefer et al. 2001) . In this study, we used the GF area measurements to identify the largest glomerulus, GFmax, in each domain (2 GFmax glomeruli per bulb). We then compared the coordinate positions for GFmax glomeruli in the left and right olfactory bulbs (Table 4 ). There were no significant differences between the left and right olfactory bulbs for GFmax positions in either the lateral (654 lm, 147 degrees vs. 640 lm, 148 degrees) or the medial (1288 lm, 205 degrees vs. 1286 lm, 204 degrees) domains. In this study, we included both female and male mice and demonstrated sex differences for GFmax mapping as shown in Table 5 . We found that the AG distances in both the lateral and the medial domains for female mice (735 and 1412 lm) were significantly larger than for males (557 and 1178 lm). However, the position within a bulb section, as defined by the angle measurement, was the same for both male and female mice. There was no difference in the size (area measurements) of GFmax glomeruli between female and male mice.
Age-related changes-AP bulb dimensions and AG distance
To determine if there were age-related changes in the odorant receptor maps, we measured and compared the coordinate positions (AG distance and angle) of GF glomeruli in mice at 2, 5, 13, 26, 52, 78, 104, and 130 weeks of age. A total of 393 glomeruli from 120 olfactory bulbs were identified and analyzed. We first noticed an increase in AG distance, especially between the ages of 2, 5, and 13 weeks. This shift in AG distance in the caudal (posterior) direction appears to be related to a corresponding increase in bulb length (AP distance) and is most likely associated with normal bulb growth. Figure 3A shows changes in bulb length (AP distance) with age and body weight. Significant increases in bulb length occur between 2 and 5 weeks (364 lm, 24% increase) and 5 and 13 weeks (267 lm, 14% increase). The corresponding increase (caudal shift) in AG distance for GF glomeruli in the medial domain is illustrated in Figure 3B . It is likely that the absolute position (AG distance) will shift as the bulb grows and elongates in size; therefore, we also calculated the relative GF position (AG/AP ratio) to adjust for changes in overall bulb length. To determine if there are age-related changes in the relative position of GF glomeruli, we first plotted the GF coordinates for each age group using the AG/AP distance ratio and angle measurements (see Figure 4) . In this figure, GF glomeruli in the lateral domain are located between 131 and 152 degrees and those in the medial domain 203 and 210 degrees. Variability in the angle measurement is greater in the lateral domain compared with the medial domain. AG/AP distance, relative position of glomeruli, in younger mice appears to be more caudal (toward the back of the bulb) when compared with older mice. In the medial domain, GF position appears to be more evenly distributed among age groups with the exception of the 2-week mice. A statistical comparison of GF mapping between young (2 weeks to 6 months) and old (1.0-2.5 years) mice is given in Table 6 . This table shows that in the lateral domain, there is a significant difference in GF mapping between young and old mice both for AG/AP distance and angle. No significant difference was found in the medial domain. We also found that there was an age-related increase in the size of GF glomeruli between 2 and 5 weeks in both the lateral and the medial domains of the olfactory bulb (Table 7) . However, after 5 weeks of age, there were no significant differences in the size of GF glomeruli between any of the older age groups.
Age-related changes in P2 axon convergence and targeting
In this study, we analyzed data from 60 mice ranging in age from 2 weeks to 2.5 years and found over 1000 glomeruli that received input from axons expressing the P2 odorant receptor. For most glomeruli, there was a high degree of convergence and targeting. These glomeruli were either completely filled (GF) or partially filled (GP) with P2 axons. Most olfactory bulbs had 2, and sometimes 3, GF glomeruli in each of their 2 domains (lateral and medial). GF glomeruli averaged 4 per bulb and were always present along with GP glomeruli that typically numbered 4-5 per bulb. GT glomeruli, having only trace amounts of P2 axons, were relatively rare and varied in number depending on the age group. Examples of GF, GP, and GT glomeruli are shown in Figure 5 . There was no change in the relative number of GF glomeruli present among the different age groups from 2 weeks to 2.5 years ( Figure 6 ). GP glomeruli gradually increased between the ages of 2 and 26 weeks and then decreased as mice began to age. Occasionally, GT glomeruli were found in adult mice Data are from 5-week-old mice, N = 30 bulbs. Only the largest glomerulus (GFmax) in each of the 2 domains (lateral and medial) was used in calculating coordinates for this table. SD, standard deviation.
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(13-26 weeks), but they represented only 2-4% of all the P2 glomeruli. There was, however, a significant (P < 0.05) increase in the number of GT glomeruli observed in older mice, reaching levels of 19-22% in the 2.0-and 2.5-year-old age groups. GTs were relatively common in the 2-week age group, as would be expected during early development where there is diffuse targeting (Royal and Key 1999) .
Discussion
The results from this study provide a quantitative description of age-related changes in the mapping of P2 odorant receptors onto glomeruli in the olfactory bulb. Research investigating mechanisms underlying the formation of odorant maps often depend upon the measurement and analysis of shifts in the position of targeted glomeruli. In this study, we report position differences that are due to elongation of the olfactory bulb and occur during periods of rapid growth (2-13 weeks). We also found disrupted targeting increases in frequency with aging and that there are male versus female differences in the position of P2 glomeruli. These findings could prove important for the design, analysis, and interpretation of future studies investigating mechanisms of odorant receptor guidance, targeting, and mapping.
Position of P2 glomeruli in 5-week-old mice
The method we used to map the position of glomeruli was first described and validated in 5-week-old mice (Schaefer et al. 2001) . In that study, researchers mapped the position of P2 glomeruli in both the lateral and the medial domains of 12 olfactory bulbs from 6 female mice. This 5-week time point is commonly used in studies because mice become sexually mature around 30 days. We selected the 5-week age group to make detailed measurements for P2 glomeruli in both male (N = 7) and female (N = 8) mice. This not only allowed us to test for sex differences but also provided sufficient numbers of glomeruli to make detailed comparisons. For example, we were able to show that when there are multiple glomeruli present in a single domain (G1, G2, and G3), the first 2 glomeruli targeted are in close proximity and similar in size. The third glomerulus, G3, is typically smaller in size, located farther away from G1 and G2, and its position is more variable (Table 3) . We also confirmed that there were no significant differences in the coordinate positions, or size, of P2 glomeruli when comparing the left and right olfactory bulbs. Odor maps in the 2 bulbs are essentially mirror images of each other. Schaefer and his colleagues were careful to point out that the AP and AG distance measurements obtained when mapping glomerular positions depend upon the plane of sectioning (Schaefer et al. 2001 ). In the appendix of their paper, they provide an equation for converting data when bulb sections are cut at different angles. In this study, we did not remove the olfactory bulbs from the skull, and coronal sections were cut through the nasal cavity and olfactory bulbs in a plane perpendicular to the dorsal surface of the brain (e.g., from tip of the nose to frontal cortex). Most of the data reported in the study of Schaefer et al. (2001) were obtained from sections cut perpendicular to the lateral olfactory tract at a 10.6 degree angle to the ventral surface of the brain. However, they did report data from 2 olfactory bulbs cut perpendicular to the ventral surface. The coordinates for these P2 glomeruli located in both the lateral (AP distance 837 lm, angle 128 degrees) and the medial (1539 lm, 210 degrees) domains are in close agreement with those for the 5-week-old females in our study (Table 5 , lateral, 735 ± 151 lm, 150 degrees; medial, 1412 ± 214, 203 degrees). We found that the location of P2 glomeruli for male mice was significantly different (more anterior) than for female mice. This was true for both the lateral and the medial domains of the bulb. These findings may reflect sex differences in growth rates and corresponding increases in bulb size and elongation for this age group (Table 5 , AP distance).
Growth and age-related shifts in position of P2 glomeruli
In a study of early postnatal development, it was shown that dorsoventral compression of the olfactory bulb alters the topographic positioning of P2 glomeruli (Chehrehasa et al. 2007) . We found that between the ages of 2 weeks and 3 months, there is a rapid and significant increase (42%, 631 lm) in bulb length ( Figure 3A ). Corresponding to this elongation of the bulb is a shift in the position (AG distance) of P2 glomeruli in both the medial and the lateral domains ( Figure 3B ). This shift appears to be greater in the medial domain and may be due to the relatively linear arrangement of the glomerular layer compared with the lateral side. To determine if this position shift was due to the elongation of the olfactory bulbs, we also calculated the position of each glomerulus relative to the AP length of each bulb (AG/AP ratio). Figure 4 shows age-related changes for the relative positions of P2 glomeruli. Whereas the AG position moves caudally, in a posterior direction, as the bulb elongates, the relative position of glomeruli remains stationary or in the case of young mice shifts in a rostral anterior direction (Figure 4 ). Statistical analysis of the data comparing young (2-15 weeks) with old (1-2.5 years) mice reveals a significant (P < 0.001) shift of P2 glomeruli in the lateral domain and an almost significant (P < 0.051) shift in the medial domain (Table 6 ). These results suggest that the position of P2 glomeruli in young mice is different than the position in older mice. In addition, position changes are more likely to be detected among younger mice due to development, growth, and maturation of the olfactory bulb. The guidance and targeting of axons to glomeruli localized in fixed regions of the olfactory bulb is an essential factor in the formation of odorant receptor maps. Studies investigating guidance molecules and other factors contributing to the formation of olfactory sensory maps depend on the accurate measurement and comparison of the coordinate positions used to localize glomeruli. Data from this study suggest that the use of ratio, or relative position measurements, is the method of choice, especially when comparing data obtained from young mice. Bulb size can change rapidly within just a few days or weeks ( Figure 3A ). In addition, the olfactory bulb size of mice that have been genetically altered may differ from the wild-type controls. Some studies have been careful to use ratio measurements when testing for changes in mapping locations among genetically altered strains of mice (Cutforth et al. 2003) .
Olfactory impairment in elderly adult mice
A major finding in this study was the significant increase in disrupted targeting, GTs, that is present in old mice. Diffuse targeting of P2 axons is commonly observed during the early development of the olfactory bulb (Royal and Key 1999) . The precision of axon targeting improves as Figure 5 Images of glomeruli showing differences in P2 target specificity and amounts of innervation. Photo above shows the convergence of P2 axons (dark blue stain) onto a single glomerulus (GF) and a stray axon targeting additional glomeruli (GT). Inset (top right) shows low-power view of olfactory bulb and nasal cavity whole mount preparation. Histological sections in lower panels give examples of glomeruli filled (GF), partially filled (GP), and those with only trace (GT) amounts of P2 axons.
Figure 6
Graphs showing the percentages of GF, GP, and GT glomeruli present in the olfactory bulb for different age groups. The percentage of GF glomeruli was similar across all age groups. GP glomeruli increased during growth and maturation (2-26 weeks) and then declined with increasing age. GT glomeruli were relatively common (20%) at 2 weeks, decrease in adults (13 and 26 weeks), and then gradually increase in old age (104-130 weeks, 2-2.5 years). Error bars, Ôstandard deviation; * denotes P < 0.05. Multiple comparisons of the means for the different age groups were tested with an analysis of variance and the Tukey honestly significant difference post hoc test. mice mature and become adults. Our data comparing GF, GP, and GT glomeruli are consistent with studies of early development and demonstrate that there is a significant decrease in GT glomeruli (diffuse targeting) as mice become mature adults (13-26 weeks). However, we also found that diffuse targeting increases again with age and reaches high levels at 104 and 130 months (2.0 and 2.5 years old). These new findings suggest that the odor map is disrupted in old age. This age-dependent increase in GT glomeruli ( Figure 6 ) and a corresponding change in the precision of the odor map could provide a possible explanation for why so many elderly adults have impaired odor discrimination and odor identification function. A possible reason for this change may be associated with the loss of guidance cues as the olfactory bulb ages (Schwarting et al. 2004) . One of the candidate guidance molecule, ephrin-A, is present on the axons of olfactory neurons. When these molecules are modulated, there is a corresponding shift in the position to which P2 axons target glomeruli within the olfactory bulb (Cutforth et al. 2003) . The loss of important guidance molecules in old age could contribute to an increase in poorly targeted axons and provide a plausible explanation for the increase in GT glomeruli observed in this study. Although age-related changes in the olfactory epithelium could contribute to targeting changes observed in the bulb, several studies have shown that cells in the epithelium live longer in adults than younger animals (Weiler and Farbman 1998) and that olfactory neurons retain their sensitivity while only a few subtypes, not the P2s, actually decrease in density (Lee et al. 2009 ). The number of glomeruli in the olfactory bulb are also known to decrease with age (Meisami et al. 1998 ). This may contribute further to the problem of maintaining precise targeting to glomeruli and result in increases in the frequency of GT glomeruli.
In this study, we confirmed findings from previous reports and provided new data demonstrating that P2 odorant receptors project onto multiple glomeruli located in lateral and medial domains within the olfactory bulb. In addition, we showed that when there are more than 2 targeted glomeruli, additional glomeruli are smaller in size and more distant from the others. We also found that significant changes in bulb length occur between 2 and 13 weeks of age and corresponding shifts in the position of P2 glomeruli. These findings suggest that mapping studies performed on young, or old, mice should adjust for differences in bulb size or use relative position (ratio) measurements when comparing data between experimental age groups. Our findings also show that there are age-related changes in target specificity and that there is a gradual and significant increase in disrupted glomerular targeting as mice begin to age. Further studies are needed to determine if this disrupted targeting may contribute in some way to impaired odor discrimination function.
